Introduction
The Saharan desert is the world's most important source of mineral dust aerosol (Goudie and Middleton, 2001) . Once lifted by strong winds, northern African dust can be transported over thousands of kilometres (McKendry et al., 2007; Liu et al., 2008; Huang et al., 2010) . Large amounts are transported to the eastern tropical Atlantic and beyond (Prospero and Carlson, 1972; Prospero and Carlson, 1980; Morales, 1986; Chiapello et al., 1995) . Saharan dust is the major nutrient for the Amazon rain forest (Swap et al., 1992) . Deposited into the ocean, mineral dust serves as a fertilizer and thereby impacts on biogeochemical processes (Cropp et al., 2005; Mahowald et al., 2005) . Airborne dust particles influence the Earth's radiative budget (Carlson and anticyclonic conditions over northern Africa (Kalu, 1979) . These are related to cold air intrusions from mid-latitudes and are sometimes enhanced by evaporational cooling (Knippertz and Fink, 2006) . The resulting intensification of the Harmattan winds, the dry northeasterlies that dominate over most of the Sahara and Sahel during this time of year, causes localized emissions from preferential sources (Washington and Todd, 2005) and in strong cases long, fast moving dust fronts (Knippertz and Fink, 2006; Slingo et al., 2006) . Previous work has shown that near-surface winds over the desert (and thus dust emissions) show a strong diurnal cycle related to a mixing of momentum from nocturnal low-level jets (LLJs) to the surface during the daytime build-up of the planetary boundary layer (Knippertz, 2008; Todd et al., 2008; Schepanski et al., 2009) . As the strength of the subtropical anticyclone over the eastern Atlantic/Northern Africa affects both emission and westward transport of dust, a positive correlation with the North Atlantic Oscillation has been found in observational and modelling studies (Moulin et al., 1997; Mahowald et al., 2003; Ginoux et al., 2004; Chiapello et al., 2005; Evan et al., 2006b) .
During winter dust layers are often topped by or mixed with aerosol from regions of strong biomass-burning activity in southern West Africa, which is mainly caused by agricultural practice (Barbosa et al., 1999) . Fire emissions originating from West African savannas during the peak winter dry season were extensively investigated during the African Monsoon Multidisciplinary Analysis (AMMA) campaign in January to February 2006 . Particles are frequently transported southwards with the Harmattan winds causing a persistent smoke load over the Gulf of Guinea and adjacent land . Deep convection was found to play an important role for vertical mixing rather than the buoyancy effect of the fire plumes itself (Johnson et al., 2008) . To the north of about 10
• N, mid-tropospheric southerlies can advect biomass-burning aerosol northward and cause it to glide over the relatively cooler and drier desert air. The first field campaign of the SAharan Mineral dUst experiMent (SAMUM-1) was conducted in southern Morocco in May and June of 2006. An overview of this column closure experiment for mineral dust near the source regions in northern Africa is given by Heintzenberg (2009) . The meteorological conditions causing the emission of mineral dust and its advection to the measurement sites of SAMUM-1 are described by Knippertz et al. (2009) . The observational data collected during the second field campaign (SAMUM-2, Ansmann et al., 2011) on the Cape Verde Islands in January and February 2008 provide an unique opportunity to study the transport paths and vertical structure of aerosol layers to the west of the African continent. Furthermore, the data set can be used to investigate possible aging effects of mineral dust particles during long-range transport which can influence their shape, hygroscopic behaviour, radiative effect, and properties as ice nuclei (Wurzler et al., 2000; Bauer et al., 2007; Möhler et al., 2008) . This paper provides an overview of the meteorological conditions and the air masses that prevailed during the SAMUM-2 measurements at Cape Verde. The synoptic evolution leading from dust activation over aerosol transport to the observed conditions at the measurement site will be discussed. Section 2 gives a brief overview of the data used in this study. In Section 3 observed aerosol stratifications and concentrations over the measurement site are discussed. Section 4 describes the meteorological conditions encountered over West Africa during SAMUM-2 focusing on the activation of Saharan dust from northern Africa and its westward transport. Finally, Section 5 shortly addresses other observed aerosol species such as sea salt and biomass-burning smoke. A summary and conclusions are provided in Section 6.
Data
The meteorological overview of SAMUM-2 is largely based on measurements taken at the airport of Praia (15.0
• N, 23.5
• W, 75 m above sea level) on the island of Santiago, Cape Verde. A detailed overview of the activities during SAMUM-2 is given by Ansmann et al. (2011) . This section gives only a coarse overview of these measurements. Regular SYNOP reports of western African stations and operational analyses from the European Centre for Medium-Range Weather Forecasts (ECMWF) are then used to place these observations in the context of the large-scale circulation over northern Africa.
SAMUM-2 observations
During the SAMUM-2 field campaign from 15 January to 14 February 2008 in situ and remote sensing measurements of microphysical, chemical, optical and radiative particle properties were performed. Several lidars Tesche et al., 2011a) , Sun photometers (Toledano et al., 2011) , and a station for extensive particle sampling and in-situ aerosol characterization Müller et al., 2011; Schladitz et al., 2011) were deployed at Praia airport together with the Falcon research aircraft of the German Aerospace Centre (DLR). The latter was applied for in situ particle sampling Petzold et al., 2011) and equipped with a high spectral resolution lidar (HSRL, Esselborn et al., 2009 ) for vertical profiling. Additional in situ measurements at ground level give information about aerosol concentrations, size distributions, as well as the hygroscopicity and refractive index of the sampled particles. Particle mass concentrations for different size ranges were obtained from 24-h impactor measurements . Filters were usually changed between 1000 and 1100 local time. A meteorological station measured temperature, pressure, humidity, wind speed and wind direction at Praia. In total 62 radiosondes were launched accompanying the daily lidar measurements at noon and after sunset. More detailed descriptions of the measurements can be found in the respective contributions to this special Tellus 63B (2011), 4
issue Tesche et al., 2011a; Toledano et al., 2011) .
Other data and analysis tools
The large-scale circulation over northern Africa is analysed with the help of operational ECMWF analyses in a horizontal resolution of 0.5 • × 0.5 • available every 6 h. To identify the origin of air masses reaching Cape Verde trajectories were calculated on the basis of ECMWF 3-D wind fields using the Lagrangian Analysis Tool (LAGRANTO; Wernli and Davies, 1997) . Standard synoptic station reports (SYNOPs) from several West African countries (see Table 1 for details) distributed by the World Meteorological Organization (WMO) were also used. In addition, a new dust product based on three infrared channels of the Spinning Enhanced Visible and Infrared Imager (SEVIRI) flying on the geostationary Meteosat Second Generation satellites is used. These images are composited using brightness temperature differences 10.8 µm minus 12.0 µm for red, 10.8 µm minus 8.7 µm for green and absolute brightness temperature at 10.8 µm for blue (for more details see http://oiswww.eumetsat.org/WEBOPS/msg_interpretation/ atmospheric_constituents.php). Although this product only provides a qualitative estimate of dust loading, the high temporal resolution of 15 min allows for a detailed analysis of dust emission and transport (Schepanski et al., 2007) . It is particularly suited to detect freshly emitted dust due to the sensitivity of infrared channels to the existence of a coarse mode (Sokolik et al., 1998) . The red colour in these images is closely related to dust particle size, while the blue colour is more sensitive to dust optical thickness (Li et al., 2007) , causing dust plumes to appear magenta. Optically thick, high clouds appear dark red in these images (see Figs. 7c and d for an example). Figure 1 gives an overview of the SAMUM-2 measurement period in terms of the vertical extent of aerosol layers (upper panel), the 500-nm aerosol optical thickness (AOT) and 440/870-nm Ångström exponents (middle panel) as well as mass concentrations measured at ground level (lower panel). A detailed discussion of the Sun photometer measurements during SAMUM-2 is provided by Toledano et al. (2011) . The measurements of particle mass concentrations are presented by Kandler et al. (2011) . The respective papers also discuss the uncertainty of the measurements.
Time evolution of aerosol layering
The Ångström exponent is calculated from Sun photometer measurements of AOT at different wavelengths. It describes the spectral slope and gives information about particle size. Ångström exponents >1 denote very small particles (e.g. biomass-burning smoke) while large particles (e.g. mineral dust or sea salt) show only weak or no wavelength dependence of extinction and thus Ångström exponents around zero.
Time-height displays of the linear depolarization ratio (Sassen and Weitkamp, 2005) Tesche et al., 2011a) are used for the classification of maritime aerosol, mineral dust, and the mixture of dust and smoke in Fig. 1a . The linear depolarization ratio contains information about the shape of the scattering particles. It is low in case of maritime aerosol and biomass-burning smoke because these particles are almost spherical and cause no alteration of the state of polarization of the emitted laser light. Non-spherical mineral dust particles on the other hand are highly depolarizing (Freudenthaler et al., 2009 ) and can therefore easily be discriminated. This way layers of sea-salt aerosol of the maritime boundary layer (depolarization close to zero), pure and highly depolarizing mineral dust (above the maritime boundary layer), and a mixture of mineral dust from northern Africa and biomass-burning aerosol from southern West Africa in elevated layers can be distinguished. Figure 2 shows time-height displays for four selected periods to illustrate this discrimination. Due to the incomplete overlap of the laser beam with the lidar receiver field-of-view, measurements below a height of 400 m are not trustworthy and are therefore not shown. A discussion of the aerosol in the lower boundary layer during SAMUM-2 is given by Groß et al. (2011b) .
On 19 January 2008 three aerosol layers can be discerned (Fig. 2a) . (i) Black to violet colours up to to a height of 500 m indicate a low depolarization ratio which is characteristic of maritime aerosol. (ii) High depolarization ratios between 500 and 1100 m height clearly mark the mineral dust layer. Vertical mixing of maritime aerosol and dust is indicated by blue bubbles at the interface between these two layers. (iii) Above the dust layer a mixed dust/smoke layer characterized by dark blue and violet colours stretches to over 3.5 km. These layers usually originate from the area of strong biomass-burning activity in southern West Africa (Section 4) and can contain large amounts of mineral dust aerosol . In contrast, nighttime lidar measurements on 25 January 2008 (Fig. 2b) show no indications of a maritime layer above 400 m and a much deeper dust layer. High values of total suspended matter (TSP) at the surface (see Fig. 1c ) suggest that dust dominated the entire lower 1.6 km of the atmosphere. Similar to Fig. 2a , the elevated mixed dust/smoke layer reaches up to 3.6 km height. The depolarization signals at 5-6 km height around 2300 UTC are caused by supercooled water droplets (blue/no depolarization) and ice virgae (yellow and red/high depolarization) precipitating from an altocumulus cloud above. Measurements on 28 January 2008 (Fig. 2c) show a similar signal at low levels and high particle mass concentrations at the surface (Fig. 1c) , but no indications of a mixed dust/smoke layer aloft. 8 February 2008 (Fig. 2d ) was characterized by an unusually deep maritime layer up to a height of 1 km. It is topped by a Tellus 63B (2011), 4 (Fig. 1b) . The latter is the only day when no spectral dependence of the single-scattering albedo was observed . On all days with no maritime layer, high dust volume fractions of up to 99% were observed at the surface . The measurements also indicate that layers of pure biomass-burning smoke did not occur during the campaign.
Based on these observations, four phases of interest were distinguished (see grey shading in Fig. 1 ) and will be discussed in detail in the following section: (1) (marked in Fig. 1c ). The Period of No Pure Dust is characterized by low AOT, high Ångström exponents, low surface aerosol concentrations (TSP < 60 µg m −3 ; marked in Fig. 1c) , and no pure-dust signal in the lidar depolarization ratio (Fig. 1a) . During this phase, dust only occurred in the elevated mixed dust/smoke layer. In contrast to the aerosol stratification over the measurement site at Praia airport that was presented so far Fig. 3 gives an impression of the geographic extent of these layers. The comparably low spatial variability of the vertical structure in the Cape Verde region underlines the representativity of the measurements Tellus 63B (2011), 4 at Praia for a larger area. Shown are three cross-sections of the 532-nm backscatter ratio measured with the HSRL aboard the Falcon aircraft during dedicated flights. This quantity is the ratio of total (particles and molecules) to pure molecular backscatter. Thus, values close to unity represent a particle-free atmosphere while higher values denote an increasing aerosol load.
Discussion of the four phases
This section aims to give an overview of the meteorological conditions during the four main phases identified in the previous section. The main parameters used are fields of mean sea-level pressure to characterize the low-level circulation, trajectories to analyse air mass origins and transport paths, and satellite imagery and station reports to identify potential dust sources and relevant emission events.
Dust Phase 1 (17-20 January 2008)
The synoptic evolution before and during Dust Phase 1 (14-20 January 2008) is characterized by the movement of a distinct high-pressure system from the subtropical Atlantic (around 33
• N, 35
• W) across the Iberian Peninsula into the western Mediterranean Sea. The core pressure of this system changes very little during this period and ranges between 1028 and 1033 hPa. Figure 4 shows the situation on 17 January 2008, when the centre of the high was located to the north of the Canary Islands. There is a fairly tight South-North pressure gradient to the South of this centre, i.e. over the western parts of West Africa. Figure 5 provides time series of weather reports from 12 selected stations in this region between 0900 UTC 15 January and 1800 UTC 18 January 2008. Details about the stations and their locations are given in Table 1 and the inset of Fig. 6 , respectively. The symbols employed follow the SYNOP coding standardized by the WMO and are explained in the legend of Fig. 5 . Note that reports of 'haze' can generally be related to a range of meteorological conditions, but-considering the region and time of year-are assumed to be caused by dust. There is a clear tendency for increasing reports of dust storms, dust raising, suspended dust, and/or dust haze with the approach of the highpressure centre and the associated increase in the South-North pressure gradient. Until midday of 16 January 2008 there are only occasional reports of dust raising or suspended dust, most notably at Nouakchott during the afternoon of 15 January, which might be related to coastal affects. At 1200 and 1500 UTC on 16 January 2008 there are reports of dust raising and even a dust storm at seven Mauritanian stations followed by reports of haze and suspended dust in the afternoon.
On 17 January 2008, when the centre of the high is closest to the source regions (Fig. 4) , the dust activity peaks with dust raising reported at all stations but Aioun and Boutilimit (Fig. 5) . There is again a tendency for dust raising to occur around 1200 UTC, which is then followed by reports of suspended dust and dust haze in the afternoon or even persisting through the night (as at the coastal stations Nouakchott and Nouadhibou). The observations of 18 January 2008 show a similar picture, but a slight tendency to more reports of haze and suspended dust and less reports of dust raising. The former is most likely related to emissions during the previous day, while the latter fits with the northward movement of the high-pressure centre (Fig. 4) . Despite the reduced numbers of synoptic reports during the night, the data shown in Fig. 5 indicate a discernible diurnal cycle in dust emissions with a peak around 1200-1500 UTC (75% of all dust reports) and very little activity during the night. These observations, together with the large background pressure gradient, are consistent with the mechanism of nocturnal LLJ formation discussed in the Introduction. The emissions described here are hard to see on satellite images due to a persistent southwest-northeast oriented band of high clouds over the region (not shown). This situation underlines the usefulness Tellus 63B (2011), 4 Table 1. of synoptic station reports for dust source analysis despite their scattered spatial distribution and smaller temporal resolution.
Five-day backward trajectories from the lower to midtroposphere started around • N, 23-24
surface-400 hPa) at 1200 UTC 19 January 2008 (Fig. 6) (Fig. 6 ). There is a tendency of the northern trajectories to follow lower paths, which is favourable for dust transport, as dust sources are more prevalent in the northern part of the affected region. The trajectory-ensemble mean for this layer (126 trajectories; inset in • W. Most trajectories curve anticyclonically around the Cape Verde Islands and approach them from easterly directions. A trajectory-ensemble mean is less meaningful in this case due to the little coherence between the trajectories. However, the inset given in Fig. 6 suggests that a substantial part of the air in this layer originates from the mid-troposphere over the region of active biomass burning during this time of year. Between 400 and 482 hPa (27 trajectories, green colours in Fig. 6 ) trajectories originate from 
Dust Phase 2 (24-26 January 2008)
The analysis of the meteorological conditions leading up to Dust Phase 2 follows the same approach as in the previous subsection. The high-pressure system that dominated Dust Phase 1 (Fig. 4 ) split into two centres by 1200 UTC on 21 January 2008, one over the northwestern Iberian Peninsula and one over northern Algeria (Fig. 7a) . The latter extends far into northern Africa and causes a strong south-north pressure gradient over the Sahel and southern Sahara reaching from the Mauritanian coast in the west to Chad in the east. The SEVIRI dust product for this time indicates widespread emissions from multiple sources, mainly from Mali and Niger, but also from the Bodélé Depression in Chad, and smaller sources in Algeria and Mauritania (Fig. 7c) . The available station reports confirm emissions from this broad region. Many stations in southern Mali and Burkina Faso report suspended dust, which has most likely been transported from sources further north (see symbols in Fig. 7c ). The situation on the following day (i.e. 1200 UTC 22 January 2008) is very similar. The synoptic-scale circulation is still dominated by the extensive high over northern Africa (not shown). Dust emissions are very intense over the Bodélé Depression, but somewhat less pronounced from sources further west (Fig. 7d) . Again, many stations in the Sahel report dust raising or suspended dust on this day. During this time, pure dust was observed in the lowermost 600-800 m topped by a complex layering of a mixture of dust and smoke up to 4 km height above Cape Verde (Fig. 3a) . The high-pressure system retreats on 23 January 2008 and dust emissions weaken over West Africa until 25 January 2008 as indicated by both SEVIRI dust images and station reports (not shown). A close inspection of time series of dust reports for the active stations as in Fig. 6 confirms a maximum in dust raising at 1200-1500 UTC and a tendency to reports of suspended dust and dust haze during the evening and night (not shown), which corroborates the influence of LLJs on dustiness as discussed above. Figure 7b shows the summary of a trajectory analysis for 1200 UTC 25 January 2008 similar to the inset in Fig. 5 . Trajectories reaching Praia at low levels show again a fairly coherent behaviour. The trajectory-ensemble mean for the layer from the surface to 821 hPa (144 trajectories Fig. 7b ) clearly reveal substantial activity along the entire continental path of the ensemble-mean trajectory. The fast advance of the trajectory on 21 and 22 January 2008 is consistent with maximum dust emission activity during these days. With the retreat of the high-pressure system to higher latitudes on 23 and 24 January 2008 the flow slows down substantially leading to a relatively long travelling time from the West African coast to the Cape Verde Islands. In conclusion, this analysis suggests that sources for Dust Phase 2 are located further to the southeast than during Dust Phase 1 (mainly in Mali, but also in western Niger) with typical transport times of 3-5 d. This is consistent with a substantially smaller fraction of particles larger than 10 µm (Fig. 1c) .
Tellus 63B (2011), 4 Other notable differences are a deeper dust layer as indicated by both the lidar measurements (Fig. 2b) and the trajectory analysis (top of low-level air stream 821 hPa versus 851 hPa for Dust Phase 1), and a higher AOT of around 0.65 (compared to about 0.3 for Dust Phase 1).
The analysis of more elevated trajectories indicates the influence of a weak upper-level trough west of the Cape Verde Islands. The uppermost layer (520-400 hPa, 36 trajectories) shows a weak cyclonic curvature in the overall westerly flow over the northern tropical Atlantic (Fig. 7b) . A surface reflection of this upper-level disturbance is the weak inverted trough with an axis between 20 and 30
• W in the mean sea-level pressure field (Fig. 7a) . The satellite images show a cloud band on the eastern side of this trough on 21 and 22 January 2008 (Figs 7c and d) .
The mid-level trajectory ensemble (820-521 hPa, 99 trajectories) is again less coherent, but shows much less contributions from continental air masses than during Dust Phase 1, which is consistent with the relatively shallow smoke-dominated layer in Fig. 1a .
Dust Phase 3 (28 January-2 February 2008)
On 23 January 2008 the high-pressure system that dominated the region for the previous ten days finally retreats and moves to central Europe, while a new intense high-pressure system appears over the central subtropical Atlantic (see track in Fig. 8a ). This system quickly moves to the French Atlantic coast over the following two days and then merges with the previous high, reaching a maximum core pressure of 1043 hPa on 25 January 2008. The high-pressure system remains fairly stationary over France for the next three days with core pressures slowly dropping to 1035 hPa. During most of this period this persistent and intense high extends far into northern Africa, again associated with large south-north pressure gradients across the entire Sahel (see the situation on 26 January 2008 in Fig. 8a ). Consistent with this are widespread intense dust emissions over the entire region from the Bodélé Depression to the coast of Mauritania as indicated by both satellite images and station reports (Figs 8c and  d) . Dust uplift is strongest during 26 and 27 January 2008, but further emissions occur on 28 and 29 January 2008 (not shown). The diurnal cycle during this period confirms once again the importance of the breakdown of the LLJ with more than 60% of all reports of dust raised at 1200 UTC (not shown). An ensemble-mean trajectory for the layer reaching Praia between the surface and 801 hPa started at 1200 UTC 30 January 2008 (Fig. 8b ) reveals many similarities with the situation on 25 January 2008 shown in Fig. 7b . The mean trajectory is slightly shorter than during Dust Phase 2 with a starting point close the border triangle Algeria-Mali-Niger, but follows almost the same path across southern Mali and northern Senegal to the Cape Verde Islands. Fastest advance is between midday of 26 and 28 January 2008 consistent with a lot of dust reports along the trajectory track (red numbers in Fig. 8b ). The ensemblemean trajectory decelerates somewhat during the last 2 d, when the emitted dust is carried to Praia. The layer of coherent flow is again fairly deep and in close agreement with the lidar measurements that show dust dominating up to about 1.5 km height. The HSRL cross-section of 29 January 2008 is shown in Fig. 3b . Above a 1-km deep pure dust layer that was present over the Cape Verde area only slight traces of aerosol are detected at 2.0 and 3.5 km height. On 29 and 30 January 2008 the highest surface mass concentrations during the entire campaign were measured with dust fractions of close to 100% . The fact that the mean size distribution (see fig. 5 in Kandler et al., 2011 ) is more clearly dominated by particles smaller than 10 µm than during Dust Phase 1 (Fig. 1c) is consistent with a transport from the more remote sources over Mali and Niger over the course of typical transport times of 3-5 d. Measurements of the single-scattering albedo show an increase with larger wavelengths. These conditions are similar to measurements during SAMUM-1 in Morocco.
The mid-level air stream (800-601 hPa) during this phase is shallower than during the other periods and mainly from easterly directions, pointing to a deeper anticyclonic circulation. This air most likely contains less smoke than air masses from the southern parts of tropical West Africa, leading to a shallower and less pronounced smoke layer on 30 January 2008 ( Fig. 1 ; note also the low Ångström exponent on this day). The absence of a thick smoke layer is a possible explanation for the moderate AOTs on this day despite the high mass concentrations at low Tellus 63B (2011), 4 levels. The westerly flow at upper levels (600-400 hPa) causes again rather clean conditions aloft. There are weak indications of a trough to the west of the Cape Verde Islands in the ensemblemean trajectory, consistent with the weak inverted trough in the sea-level pressure field (Fig. 8a) and a cloud band in the satellite images (Figs 8c and d) .
No Pure Dust (6-14 February 2008)
After 30 January 2008 the high-pressure situation prevails for several days causing occasional, but less widespread dust emission in the Sahel. Around 2 February 2008 the subtropical high begins to diminish and stays weak until the end of the campaign. As a consequence, surface mass concentrations in Praia around midday of 4 February 2008 drop to very low values (Fig. 1c) . Above about 500 m height a shallow dust layer prevails until 6 February 2008. The rest of the campaign (until 15 February 2008) is then characterized by a maritime layer up to about 1 km height with northerly or northeasterly flow and deep, lofted smoke-dominated layers reaching to 3-5 km height with southeasterly flow and origins over southern West Africa. The HSRL measurement of 6 February 2008 in Fig. 3 gives an example for the aerosol conditions during this period. The corresponding 5-d backward trajectories in Fig. 9a show southward transport from dusty regions followed by an ascent into and subsequent mixing with the biomass-burning smoke layer. At lower heights, trajectories show no contact to active dust sources. Thus, a relatively clean layer was observed between 0.5 and 1.5 km height in Fig. 3c . AOTs during this period are mostly between 0.2 and 0.3. The high Ångström exponents reflect the influence of small smoke particles (Fig. 1b) . Notable exceptions are the extremely low AOT values on 9 and 10 February 2008. The purely maritime conditions during these days were caused by the penetration of a more substantial cyclonic disturbance from mid-latitudes to the subtropical eastern Atlantic. A trajectory analysis for 9 February 2008 (Fig. 9b) indicates that the entire atmospheric column over Praia is affected by maritime air masses from westerly and northwesterly directions on this day, a rather unusual situation in the trade wind region. The slight backing of the flow with height indicates cold advection associated with this feature. Lidar observations indicate clean maritime background conditions .
Statistical analysis
The description of the three dust phases and the period without pure dust in the previous subsections suggest a close relationship between the strength and position of the subtropical high over the western North Atlantic and dust loadings over Cape Verde. In order to better quantify this connection, linear correlations have been computed between the daily TSP time series shown in Fig. 1c and the large-scale north-south gradient in mean sealevel pressure as evident from operational ECMWF analyses at 1200 UTC (see Fig. 4 for an example). After some testing, differences between the area means over [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] • N, 20
and 5-15
• N, 20
• W-10 • E (see Figs 4, 7a and 8a for the location of these boxes) were chosen to best represent the maximum gradient. The strongest correlation of 0.65 is achieved for a time lag of 2-3 d, i.e. pressure leading by 47-48 h to the beginning and 71-72 h to the end of the TSP measuring period (recall that filters were usually changed between 1100 and 1200 UTC). This lag agrees well with the typical times between emission over West Africa and transport to Cape Verde estimated from station observations, satellite imagery, and trajectories in Sections 4.1-4.3. Weaker but still significant correlations are found for lags between −3 and +2 d, underlining the synoptic-scale nature of the dust events. A closer inspection of the pressuredifference time series (not shown) suggests that significant dust events require values above 14 hPa, while fluctuations below this threshold are less well reflected in TSP variations. This result has some potential for a simple dust-forecast index for Cape Verde during the boreal winter Harmattan season, although it would certainly be desirable to test the robustness of this relationship with a longer data set.
Other types of aerosols: sea salt and biomass-burning smoke
So far, the analysis of meteorological conditions and aerosols has been focused on dust emissions and its transport within the lowermost 2 km of the troposphere. Here the origins and transport of sea salt and biomass-burning aerosols, which contribute significantly to the aerosol load over Cape Verde (Section 3), will be briefly discussed. Sea-salt emissions are mainly due to the wind stress on the ocean surface. They result from the bursting of air bubbles, which constitute the whitecaps of breaking waves. Due to the efficient wet removal by cloud formation and precipitation the presence of sea salt is usually restricted to altitudes below 750 hPa (Monahan et al., 1983; Gong et al., 1997; Mårtensson et al., 2003; Hultin et al., 2010) . At the Praia site, sea salt was only detected in the lowermost 1000 m (Figs 2a and d) , most likely advected inland by the onshore trade winds. showing virtual potential temperature (K, colours), specific humidity (g kg −1 , black), and extinction coefficients at 550 nm (km −1 ) due to dust (red) and biomass-burning aerosol (white).
and end of the campaign to values below 1 m s −1 around 0000 UTC on 22 January 2008. There are indications of a diurnal cycle with a general tendency of stronger winds during midday and weaker winds during the night and morning. This is possibly related to the deepening of the boundary layer and a sea-breeze circulation during the day (Engelmann et al., 2011) . Three distinct phases can be distinguished. During 16-18 January 2008 winds are generally above 6 m s −1 (Fig. 10 ) and the maritime surface layer is clearly identifiable in lidar measurements (Fig. 1a) . From 19 January 2008 until 1 February 2008 winds slacken and lidar measurements are dominated by dust and smoke particles. A notable exception during this period is the marked increase in wind speed and an associated reappearance of the maritime surface layer for several hours on 28 January 2008. The last part of the campaign is again characterized by higher winds and a well-defined sea-salt layer. This simple analysis suggests that the daily mean threshold velocity for the occurrence of the maritime layer over Praia is about 5.5 m s −1 .
According to trajectory analysis, the biomass-burning aerosol observed at Praia during SAMUM-2 largely originated from southern West Africa (see the trajectories in Fig. 6 for an example). A detailed analysis of day-to-day variations in smoke emission as indicated by, e.g. the Moderateresolution Imaging Spectroradiometer (MODIS) fire products (http://rapidfire.sci.gsfc.nasa.gov/firemaps/) is beyond the scope of SAMUM-2. A qualitative inspection of measurements at Praia and trajectories suggests that the synoptic-scale circulation is the main control on the amount of biomass-burning aerosol reaching Cape Verde (see also Section 4). Here the example of 17 January 2008 is briefly discussed to illustrate some key features over the source region. For 1200 UTC on this day, Fig. 11 shows a longitudinal cross-section along 5
• W of virtual potential temperature, specific humidity, and extinction coefficients due to mineral dust and biomass-burning aerosol as simulated by the regional model COSMO-MUSCAT . Significant dust concentrations are found in the lowest kilometre of the atmosphere over the Sahara between 17 and 20
• N and in a deeper layer covering southern Mali, Côte d'Ivoire, and the adjacent Gulf of Guinea (0-17 • N). This dust has most likely been advected southward by the Harmattan winds and has then been mixed upwards by shallow to mid-level convection (see the deeper moist layer indicated by black lines in Fig. 11 ). South of 10
• N, where biomass-burning activity is most intensive, smoke is injected into the dust layer and equally mixed to higher levels. Concentrations are highest between 8 and 9
• N, a typical location of the surface convergence between the dry Harmattan and the moist southerlies during this time of year. Easterly flow at mid-levels can eventually transport the dust/smoke mixture to the Cape Verde Islands. Due to their small sizes and consequently longer lifetimes smoke particles can also be mixed up to the tropopause where they get carried northward by the upper branch of the Hadley circulation (Fig. 11) . The increasing westerlies in this region transport smoke particles away from Cape Verde, consistent with clean conditions above 5 km height on most days during SAMUM-2 (Fig. 1 ).
Summary and conclusions
Observations taken at Praia, Cape Verde, during the SAMUM-2 field campaign between 15 January and 14 February 2008, together with satellite images, gridded analyses, and surface station data, provide an excellent basis to study meteorological conditions for dust mobilization in northern Africa and aerosol transport to the eastern Atlantic Ocean, including mixing with other aerosol types such as sea salt and biomass-burning smoke from land fires over southern West Africa. The combination of ground-based meteorological and particle measurements with lidar and Sun-photometer remote sensing allowed for a much more detailed and temporally and vertically higher-resolved classification of the aerosol conditions over Cape Verde than previously possible. The meteorological overview given in this paper adds observation-based evidence to previously suggested mechanisms of dust emission and transport, and places the more detailed analyses of aerosol properties and radiative effects performed as part of SAMUM-2 and presented in this special issue into a large-scale context. The main conclusions from this work are: (i) The wintertime AOT over Cape Verde is mainly controlled by the presence and intensity of layers of mineral dust and biomass-burning smoke. Sea-salt in the maritime boundary layer makes a minor contribution to the total AOT over Cape Verde.
(ii) The Ångström exponent responds to the dominating aerosol type reaching values of up to 0.8 in smoke-dominated and values below 0.1 in dust-dominated situations.
(iii) Sea-salt layers were present during more than half of the campaign. They are usually restricted to the lowest 1 km of the atmosphere and their presence is closely coupled to local wind velocities with a threshold of about 5.5 m s −1 .
(iv) Smoke dominated layers were present on all but four days during the campaign. They usually occurred between 0.5 and 5.0 km height depending on the strength and vertical extent of the synoptic-scale mid-level easterlies that allow for an efficient transport from the main sources over southern West Africa to Cape Verde.
(v) Above 5 km height, westerly flow at the southern flank of the subtropical jet and very clean conditions prevailed throughout the entire campaign. On one occasion a cyclonic disturbance from mid-latitudes affected the tropical eastern Atlantic causing deeper westerlies and clean conditions with AOTs below 0.05.
(vi) Dust layers over Cape Verde showed a complicated dayto-day variations in intensity and vertical structure. On many days, dust aerosol was mixed into the maritime surface layer or occurred in smoke dominated elevated layers. But during extreme periods dust dominated the entire lowest 1.5 km of the atmosphere or was literally absent from the whole column.
(vii) There is some evidence that the dust-smoke mix is created over low-latitude West Africa and the adjacent Gulf of Guinea in connection with shallow to mid-level convection, while the pure dust at lower levels is directly transported from the Sahara with the Harmattan winds.
(viii) Three major dust phases with AOTs above 0.5 and surface mass concentrations above 200 µg m −3 occurred. All three were intimately connected with the intensity and southward extension of the Azores High, which controls the strength of the Harmattan winds over the western Sahara and the subsequent transport to Cape Verde. This adds evidence to the previously suggested relationship to the North Atlantic Oscillation (Moulin et al., 1997; Mahowald et al., 2003; Ginoux et al., 2004; Chiapello et al., 2005; Evan et al., 2006b ).
(xi) Depending on the exact position of the high, main dust sources were either Mauritania and western Mali (typical travel times of 1-3 d) or eastern Mali and Niger (typical travel times of 3-5 d).
(x) Dust emission during these episodes mainly occurred during midday hours adding further evidence to the assumption that momentum from nocturnal LLJs is mixed to the surface with the evolution of the daytime boundary layer (Knippertz, 2008; Todd et al., 2008; Schepanski et al., 2009 ).
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